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HIGH-FREQUENCY CAVITY APPLICATIONS
AND MEASUREMENTS OF
HIGH-TEMPERATURE SIJPERCONDUCTORS

D. W Cooke and E. R. Gray
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

A potentially important application of high-temperature superconductors
will be high-frequency accelerating cavities. Currently these materials are not
compelitive with Nb at liquid helium temperature or with Cu at room temperature.
However, available data on high-Quality single crystais suggest that the relatively
poor rl properties (high surface resistance and low surface magnetic field) of bulk
and film specimens are due 0o malenals proparties that can be eliminated by
improved processing techniques. Recent progress in the tabrication of thin films,
for example. demonstrates thai this is indeed the case.

1.0 INTRODUCTION

A potentially important agplication of high-temperature superconductors (HTS) is radiofrequency (rf)
acceleraling cavities. The presert industry scandard is niobium, which, because oi its relatively low transition
temperature (T¢ = 9.3 K), must operate &t or below kquid helium temperature to achieve the desired high Q values
From a cryogenics viewpoint gione it is thus obvious that HTS (T¢ ~ S0 K) offers a potential advantage over
convantonal superconductors. Howevar, 1or HTS to effectively compete with Nb it must exhibit simiiar properties
at higher temperature--namely, low values of surface resistance (Rg) at relatively high rf power levels. These two
requirements have not been simuianeously met with HTS, however, no experimental or theoretical evidence
axisis which wouid Imply that they are unattanabie

Research results to date supgest 1hat the poor high-lfrequency perflormance i1s attributable 1n part 10 the
granular nature of these matenals. That is. they are comprised of supsarconducting regions separated by non-
superconducting grain boundarnes, which may contain insulating or metaliic impurities. Elimination of the grain
boundanes. and, consequently, of the impurilisas. will certainiy lower Ry, as evidenced by recent single-crystal
resufts ' Of course there are many other matenais-raiated properties. such as poor stoichiometry, inclusions grain
size. eiC . that may be deleisrious to high-frequency performance Nevertheless, the essential poinl 1s thal poor

' D L Rubin K Green, J Gruschus J Kirchgessner D Moftat H Padamsee. J Sears. Q S Shu.
L F Schneemeyer andJ V Waszczak. Phys Rev B 38 8528 (1988)



performance i3 strongly correlated with materials processing, and not with any inherent physical property
Consequently, with improved materials fabrication techniques, one can realistically expect to achieve high-
frequency cavity performance of HTS in the very near future.

2.0 HIGH-FREQUENCY SUPERCONDUCTIVITY:
FUNDAMENTALS

The primary advantage of superconducting cavities over non-su_erconducting ones is that a much smaller
fraction of the input power is dissipated in the cavity walls (Joule heating). Because the power dissipation
increases as the sauare of the accelerating voltage, it is clear that Cu cavities become very inefficient and
expensive at higher particle kinetic energies. Alternatively, superconducting cavities have surface resistances that
are 5 - 6 orders of magnitude lower than Cu. After factoring in the increased refrigeration costs required to maintain
the requisite low temperatures (typical operating temperatures are 1.5 - 2 K for Nb), there is still a net gain of a factor
of several hundred in overall operating cost of the accelerator.2 A further improvement in acce'erator technology
could be realized it materiais with low Rg existed at relatively high temperatures. This weuld eliminate the need for
costly liquid helium retrigeration. High-temperature superconductors (T ~ 90 K) meet this later requirement. and.
with improved processing techniques, are expected also to satisfy the first one

For a superconducting sample in a high-frequency cavity, the surface resistance, Rg, is defined by

A, H, (1)

where Pg represents the Joule iosses per unit surface area of the sample, and Hg is the sunace magnetic tield. In
the normal conducting regime (T>Tc) Rg I8 given by the usual skin-depth formula

[uw
A= V2o @

where u is the permeability, w is the measuring frequency ar- o is the conductivity. Al T<T. (superconducting
regime) the charge carriers condense into Cooper pairs. In the presence o! a dc field these pairs carry all the
current, thereby shie'ding the normal electrons, and resulting in zero dc electrical resistance. In the presence of a
high-frequency field the situation is more complicated and is most easily understood in terms ol a "two-tluid model”
one fluid associated with the normal conducting electrons and the other with the superconducting ones When a
high-frequency tield is applied, the Cooper pairs move Inctioniessly They do. however, have inartial mass.

2 M. Padamcee. Cornell Univ, CLNS 88/844. Presented to MIT DOE/EPRI Workshop. Salem.
Massachusetis, June 22-24, 1988



therofore, forces must be applied to cause the reversal of their motion. These forces are related to electric fields
which must exist in the skin layer of the superconductor. Thus normal electrons are continually accelerated and
decelerated which leads to dissipation (Joule losses). The analytic expression which describes the surface
resistance for a classical superconductor is3

2 A(T), o
Ao, T)= Aw?exp[ “kT 1+ 2, (3)
8

where A(T) « akgTe anda =17 -23. Rreg IS a temperature-independent resistance which depends upon the
quality of the matenal surtace. Figure 1 depicts Rg(T) tor Nb3Sn (T = 18 K) taken at a frequency w = 8 GHz, and
clearly illustrates the behavior described by EqQ. (3). Formally, BCS theory yiekds a result for Rg that 1s similar to
Eq. (3). but includes other material parameters such as London penetration depth, coherance length. and electron
mean free path.
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Figure 1 Suitace resistance of Nb3Sn (T.=18 K) taken at 8 GHz The straight hne
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3 M Piel M Hein. N Kiein. A Michalke. G Mulier. and L Ponto. Physica C 153-158 1604 (1988)



Ot equal importance in the application of HTS to accelerators is the critical surface magnetic field Hg. This
parameter determines the maximum accelerating voltage attainable before breakdown of superconductivity occurs.
The numerical value of Hg is not equal to Hg1 (lower critical magnetir field) as might be expected. For high
frequencies it is possible for the Meissner state 1o exist in magnetic fields higher than Hg4. a field referred to as the
superheating magnetic field, Hgh. This results from the fact that a finite amount of time is required for a vorex 1o
nucleate.4 For Type Il superconductors near Hgy the time is ~ 10°6 sec. whereas the high-frequency period is
~ 10°8 sec. For extreme Type-Il superconductors, theory predicts that Hgh ~ 0.75 Hc > Hgy, where Hg is the
thermodynamic critical field. In Nb and Nb3Sn critical fiekds greater than Hc 1 have indeed been measured.4 Inthe
case of Nb, H¢ is 2000 Oe. which corresponds to an accelerating field of ~ 50 MV/m.5  Hc for YBazCu3O7 (YBCO)
has been estimated to be as high as 27.000 Oe.B corresponding to a maximum accelerating iieid of 400 MV/m!
Unfortunately, thermal breakdown is not the only impediment to attaining high electric fields in superconducting
cavilies. Generally, field emission loading and multipacting limit the maximum accelerating field to values much
lower than those determined by Hsh»7 Preliminary measurements of electric-field breakdown and secondary

electron emission in HTS materials have been made 8
30 CHARACTERIZATION TECHNIQUES

Surface resistance is the HTS high-frequency paramater most frequently measured, its value determines
the potential of these matenals for use in accelerating cavities. There are, however, many more research groups
producing HTS samples than are measurnng Rg. and a backlog of samplos usually exists. It is important to
determine which available specimens are likely to vield low vaiues ol Rg. The more converitional solid-state
techniques do not necessarily provide this at.swer For example, dc resistance determines the minimum
percolative pain of the bulk matenal but does not provide much information about the surface properties--a sharp
resistive transitior does not imply a low value of Rg Thus, it is necessary to screen HTS material, be it bulk, fiim, or

single crystal so that time is not wasted on measurements of poor quahty specimens |deally, these screening

4 1 Yogi. G J Dick andJ E Mercereau. Phys Rev Lett 39, 826 (1977)
5 H Padamsee. Cornell Univ . CLNS 88:864. Presenied to 1988 LINAC Conterence Oclober, 1988
5 7 K W rthington. W J Gallagher. and T R [Dinger. Phys Rev Lett 59, 1160 (1987)

7 G Muller, M Heir, N Klein H Piel | Ponto. U Kiein. and M Painiger. Presented to £ uropean
Particle Accelerator Conference. Home June 7 11, 1988
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techniques will be quick, simple, and inexpensive. Two measurement methods have emerged that satisty the
above-stated criteria, eddy current® and thermally stimulated luminescence.'0

The eddy-current apparatus, showr. schematically in Fig. 2, consists of a split coil connected to a rgsonant

(~ 20 MH2) tank circuit of fixed capacitance. When an HTS sample (bulk, film, or crystal) is introduced between the

coils, eddy currents are induced in it which modify the mutual inductance of the resonant circuit. The magnitude ot

~e induced eddy currents depends on the conductivity of the sample, which, in turn, depends on the

temperature.
Eddy-Current *
§ Cscilliator ?
£ Response <
g | Reveals AC 2
i | Losses below k-
l Te DC Resistance 4
Temperature —=
Sampie Sample
L ‘ L To Counter l L To Counter

Mutual Inductance Eady-Current Techue  Sangle-Sensor Eddy-Current Techmaue

Figure 2. Schematic of eddy-current apparatus showing both the sphit-coil and
single-coil configurations. Upper portion shows comparison between typical
eddy-current and dc rasistance data.

A plot of the resonant frequency vs. temperature produces a curse similar to the one shown in Fig. 2. Tha data ara
acquired in ~1 hr by the computer-controlied system. A principal advantage of the technique is that no electncal
contacts are required for the measuremaent, this is especially itnportant for thin films  Above Tc the technijue
probes a sample volume compnsed of the surface area. Ag, and depth, &, given by the normal skin-depth equation

9 J D Doss. D W Cooke.C W McCabe and M A Maez Rev Sci. Instrum. 59, 659 (1988).
J D Doss. D W Cooke. P N Arendt, M Nastasi. R E Muenchausen, andJ R Tesmer

Superconductor Sci and Tech. To be published.

0 D W Cooke. M S Janan, J L Smith. M A Mgez. W L Hults | D Raistrick. D E Peterson.
J A O'Rourke. S A Richardson.J D Doss. E R Gray. B Rusnak, G P Lawrence. and
C Fongang. App! Phys Lett 54, 960 (1989)



= [—— (4)

where y is the magnetic permeability, o is the measuring frequency, and o is the electrical conductivity. In the
superconducting state (T<T¢). the volume consists of Ag and the magnaetic field penetration depth, A(T), given by
the empirical formula

AT)=

where A(0) is the penetration depth at T=0, taken to be 1500 - 1900 A.'! The essential feature is that the
technique is probing the surface region, which is also the region of interest in the high-frequency measurement.

A second useful screening technique is thermally stimulated luminescence (TSL). The basic utility of the
method lies in the fact that only insulators, and not metals, luminesce. Theretore, it insulating impurities such as
metal carbonates and oxides exist within ~ 1um of the superconducting surface, they will, upon excitation, exhibu
TSL. These impurities, which result from improper processing of the material, contribute to high values of Rg, and.
consequently, must be remaved from the HTS surface. Bacause HTS materials are opaque with relatively large
absorption coetlicients (104 - 106 cm"). the TSL photons emanate from with ~ 1um of the surface. which i1s
precisely the region that detarmines Rg.

Experimental equipment for TSL measuremants consists of a heater and photomultiplier tube enclosed in
a light-tight box. A high-votage power supply and amplifier control the signal, which can be plotted on an x-y
recorder. Ercitation can be done with x- or y-radiation without any harm (0 the superconciucting properties A
typical readout lime is ~ 85 seC. Inter retation of the results is straighttforward, if any TSL signal is observed it must
be coming from insulating impurities residing near the surtace. and these must be removed i low values of Rg are to
be achieved. We have used this method to screen bulk, single-crystai, and in some cases, fiims of HTS matenal to
estimate Rg. A quantitative correlation of Rg with TSL for bulk specimens is given in Fig. 3.12

"' D W Cooke. R L. Hutson, R S Kwok, M. Maez. H Rempp, M E. Schillaci, J. L. Smith, J O Willis.
R L. Lichti, K.-C B. Chan, C. Boekema. S. P Weathersby, J. A Flint, and J. Oostens, Fhys Rev B
37.9401 (1988). D. W Cooke, R. L Hutson, R S Kwok M. Maez. H Rempp, M. E. Schillaci.

J L Smith.J O Willis. R. L. Lichti, K -C B Chan, C Boekema. S P Wealhersby, and J Oostens,
Phys Rov B 39, 2748 (1989)

'2 D W Cooke. B Bennett. E R Gray, R J Houlton. W L Hults, M A Maez. A Mayer,J L Smith,
and M S Jahan Appl Phys Left submitted.
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Figure 3. Correlation of TSL with Ry Data were taken at 3 GHz and 4K on bulk
specimens (except as noted).

Thess two screening techniques. eddy current and TSL, have proved usetulin assesssing the qualty of
HTS for high-frequency measurements. Obviously, a great deal of time (and money for liquid helium) can be saved
Dy screening out those samples that, lor one or More reasons, are characterizad by high values of Rg  Figure 4

llustrates an expenmental scheme for methodically evaiuating a large number of HTS sampies

40 SURFACE RESISTANCE AND CRITICAL FIELDS

Several techniques for measuring Rg are presently in use These include cavity perturbation ' '3.14.15

replacement of the end wall of a cylindrical cavity with a superconducting sampie.'®.'7.'8 nait-wave resonant

13 M Hagen M Hein N Kiein. A Michake. F M Muelier. G Muller. H Piel. R W R&th. H Sheinberg.
and J. L. Smith, J Magn. Magn. Mat 58, L1 (1987)

'4 D W Cooke. E R Gray. A J Hou'ton, B Rusnak E Meyer. G P Lawrence M A Maez,
B Bennett. J D. Joss, A Mayer W L Hults. andJ L Smnh, J Appi Phys  submitted

'S S Sngharand W L Kennedy. Rev Sci Instrum 59 531 (1988)
'6 N Klein, G Muller. H Piel. B Roas. L Schultz. U Kiein. and M Peimiger. App! Phys Lett 54 757 1989



coaxial line,'9 stripline resonator,2® and disk resonator.2 Each of these techniques has particular advantages
and disadvantages. For example, bulk specimens are conveniently measured in a cavity by the perturbation
technique (see Fig. 5), where the eleciro.nagnetic field probes all sides of the sample. This is not the most suitable
method for measuring Rg of film specimens, howsever, because the electromagnetic tield probes not only the
superconducting film, but also the substrate and interface. Assuming that the electrodynamic losses in the
substrate are much smaller than those in the film, and that no unusual losses occur at the film/substrate interface.
Rs values can be extracted from this measurement.

Figure 4 Experimental scheme for evaluating the quality ot HTS samples.

D W Cooke. E R Gray. R. J. Houlton, B Rusnak, E. &4 Meyer, J. G Beery, D R Brown,
F H Garzon, | D Rastrick. A. D. Rollett, and R. Boimaro, Appl. Phys. Lett , submitted.

'8 J P Canmi, A N. Awasthi, W Beyermann, G. Gruner. T. Hylton, K Char. M R. Beasley, and
A Kapitunik, Phys Rev B 37, 9726 (1988)

'9 J R Delayen. K C Goretta. R B Poeppel. and K W Shepard. Appl Phys Lett 52, 930 (1988)
20 M S Dilono. A C Anderson, and B -Y Tsaur, Phys Rev 8 38. 7019 (1988)
2' A Fathy, D Kalokitis, E Belohoubek. H G K Sundar, and A Satan. Phys Rev B 38. 7023 (1988)
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Figure 5. Schematic diagram of a 6-GHz cavity used to measure surface resistance
of HTS samples. (From Ref. 1).

A more appropriate technique for measuring films is the end-wali rgplacement technique shown in Fig. 6.
In this configuration the end wall of a cylindrical TEg11 fundamental mode cavity is replaced by the
superconducting film. For this geometry there are no microwave 10sses at the junction between the end wall and
cylindrical body of the cavity. Moreover, the electromagnetic field distribution is easily caicuiated for this mode. By
solving Maxwell's equations with the appropriate boundary conditions it is found that 26% of the cavity losses
occur at the end wall. Thus, the reciprocal Q of the sample, 1/Qg, is obtained by subtraciing the reciprocal Q of the
empty cavity, 1/Qc, from that of the cavity with the sample, 1/Qc.s.i.€.,

1 |
o, Q@ nQ (©)

where 7 is an enhancement factor (1.26) that antificially increases the bare cavity Q to a value consistent with no
losses in the end wail. The surface resistance is computed from the measured Q values of the sample and a known
material. stainless steel for the system described,



s = Qs (7)

where the primes stand for the appropriate valugs of the standard material (Rg' = 239 mQ at 22 GHz).

22GHz TEO11 MODE CAVITY

TP PLATE TEMPERATURE
SENSOR
COLLAR
SUPERCONDUCTING
SAMPLE
RF LOCP
TEMPERATURE
SENSOR

BOTTOMPLATE

ZOLD HEAD (12°K)

Figure 6. Schematic of a typical cavity used for measuring Rg of films. Note that
tha film forms the end wall of the cavity.



The temperature Jependence of Rg is obtained by cooling the Cu cavity to 15 K with a closed-cycle
refrigerator and slowly warming it to RT while measuring the corresponding Q values. A computer-controlled
network analyzer automatically determines the resonance peak and half-power points from which the Q is
calculated. The sensiuvity of this Cu cavity is limited by its intrinsic Q (~ 65,0C0) to Rg values of approximately 2 mQ.
Lower Rg values can be obtained with the use of a superconducting Nb cavity, which has a much higher Q (~ 2 X
106) at 4 K.

Shown in Fig. 7 are typical surface-resistance curves for fiims of YBCO e-beam deposited onto SrTiO3 and
LaGaOg3 substrates, and measured in the Cu cavity shown in Fig. 6. For comparison with Eq. (3) and Fig. 1. we
have plotted the data as log Rg vs. To/T (T¢ = 90 K). Notice that there does not exist a distinct linear region in the
curve uf Fig. 7; For T<T¢/2, Rg is dominated by Rrag. which, as discussed below, may be attributed in part to the
interaction of the microwave field with the suostrate. The sharp peaks observed in the SrTiO3 curve are caused by
the strong temperature dependence of the permittivity € of this substrate (e rises from near 1000 at 100 K to
25,000 at 4 ).18 In contrast, ¢ for LaGaOg3is ~ 25 at RT and is relatively temperature-independent.22 Therefore
no oscillations in Rg occur in films grown on this substrate.
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Figure 7. Surtace resistance curves for YBCO films (0.8 um) electron-beam
deposited omo SrTiO3 and LaGaO3 substrates. Measurements were made in the
22-GHz cavity shown in Fig. 6. (TC-QO K).

22 R L. Sandstrom. E. A. Giess, W. J. Gallagher, A. Segmuiller, E. | Cooper, M. F Cuisholm. A Gupta.
S. Shinde, and R. B. Laibowitz, Appl. Phys. Lett 53, 1874 (1988)



The low-temperature value of YBCO on SrTiO3 is 6 + 2 mQ. regardless of the thickness of the im.17
However, similar fiims deposited onto LaGaOg3 show low-"‘emperature values near 1 = 2 mQ (sse Fig 7). Thatis.
they exceed the sensitivity of the Cu cavity and must be measured with a Nb cavity. The result of this measurement
shows that the true vaiue of Rg for the LaGaO4-based filmis 0.2 = 0.1 mQ at 4 K and 22 GHz, about a factor of two
above Nb. A summary of representative Rg vs. w data will be given iater.

A primary advant? Je of the stripline resonator method for measuring Rg is that it can operate at diffterent
frequencies. it thus has the capability to determine Rg vs. frequency w for the same specimen. A typical stnpiine
resonator used at Lincoln Laboratories is shown in Fig. 8.23 Asine wave is applied at the input, and the output is
synchronously monitored with a spectrum analyzer. Resonances are observed at ‘-~ iencies 'or which the line
length / is an integer multiple of hait wavelengths, ie../ = nA/2. A frequency tz’.ge of - 05 - . GHz can be
covered. Additionally, if the upper ground plane is compnsed of the film and substrate, i\ is poss.oig to obtain
information on the substrate. Power measurements are aiso easily made with the stripline technique A
disadvantage of the technique is that it is not as sen-itive as a Nb cavity uniess it is an all HTS stripline resonator

CENTER
CONDUCTOR
l_%‘ GROUND
N PLANES
LOW-LOSS
DIELECTRIC

STRIPLINE CROSS-SECTION

Figure 8. Typical stripline resonator for measuring Rg of HTS samples (From Ref 23)

Stripline measurements on the same LaGaOq-based YBCO tilm that was measured in the 22 GHz Cu and
ND cavities, and descnbed abuve, show that Rg is, within expenmental error, similar to Nb  Tha particular

configuration used in this expenment had the YBCO tiim as the upper ground plane. Nb as the center conductor
and lower ground plane, and sapphire as the low-loss dielectic LaGaO3 separated the upper ground plane trom

23 D E Oates. these proceedings



the Nb center conductor. Atthough this is not the optimum arrangement for maximurm sensitivity, the Rg cata do
agree with the cavity measurement.

Low-frequency (150 - 450 MHz) Rg measurements on bulk superconductors are readily made in a half-
wave resonant coaxial line such as the one shown in Fig. 9.24¢ The outer conductor is made of Cu and the HTS
sample comprises the half-wave resonant line. The entire apparatus is tilled either with liquid nitrogen or helium
An advantage of this technique is that in high-power (critical tield) measurements the heat generated within the
sample car be easily dissipated because of its direct contact with the cryogen bath.

\eumnm

~0.8 mm ¢
OP 10 78 /= LONG

T-‘v
\— R? PICX-UP

T

Figure 9 Half-wave coaxial resonart line used to measure Rg of HTS samplet
(From Ref. 24)

During the approximately two and one-half years since the discovery of HTS numerous laboratones have
investigated the high-frequency properties of these matenals A representative collection o! the laboratones

24 ¢ | Bohn, J R Delayen andM T Lanagan. these proceedings



engaged in this reearch, the samples measured, and best Rg results to date are given in Table 1 For coripanson
with Cu, Ai, and Nb, selected Rg values are plotted as a function ot frequency in Fig. 10

, (OHMS)
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I 10 100
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Figure 10. Surtace resistance of buk (@), tiim (4), and crystal (lB) HTS samples.
The arows indicate that piotted values are upper imits. Data are taken from Tabie 1

10-6

The best Rg vaiue for a buk specimen of YBCO is ~ 0 1 me2 (3 GHz and 4 K) This value, obtainred only
after repeated gnnding and sintering of the material and after prolonged heat treatment, is still two oraers of
magnitude higher than Nb. Initial speculation was that some Intrinsic property of HTS. such as zeroes of the
superconducting gap on the F'ermi surface, might prevent attainment of low Rg values Single-crystal and film data
clearly demonstrate that intrinsic properties are not responsible for the high values ol Rg observed in bulk matenal
A more reasonable conclusion is that the superconducling qrains are coupled by weak-link Josephson junctions.
which are more prevaient in duk than 1n high-quality single-crystal or film mais.al. We reiterate thy central theme
Lower vaiues of Rg can be attzined in HTS matenal by imgroved fabrication lechniques



TABLE 1
Summary of High Frequency Data

Laboratory Erequency Iechnique HIS Matedal Lowest Rq (ML)
GH)
Argonne 0.15-1.5 TEM Cu Coax YBCO rod < 0.0011 (4.2K, 175 MH2)
1.5-40 TE Cu Cavity YBCO on Ag(80 um) 22 (4.2K, 2.65 3Hz)
BSCCO on Ag (80 um) 6.5 (4.2K, 2.65 GHz)
Pb-doped BSCCO (bulk) 45 (4.2K, 29.2 GHz)
Cornell 595  TE NbCawvity YBCO Crystal < 0.015 (2K, 5.95 GHz)

YBCO (grain aligned)

HiC
H1lC
David Samotf Res. 10 Disk Resonator YBCO (bulk)
Japan Atomic 7  Monolithic TM Cavity YBCO
Energy Res. Inst.
Los Alamos 3 T™ Nb Cawvity YBCO (bulk)
8SCCO
TBCCO

22 TE Cu Cawvity TBCCOon MgO (5 um)
Y8C

on SrTiN+ (0.5 and 1.5 um)

TE NbCavity YBCO an LaGaO43 (0.8 urmn)

< 0.5 (77K, £.95 GH2)

8.1 (3K, 5.95 GHz)
0.45 (3K, 5.95 GHz)

3.8 (10K, 10 GHz)

Qy ~ 106 (25K, 7 GH2)

0.1 (4K, 3 GH2)

3.3 (4K, 3 GH2)

0.6 (4K, 3 GHz)
€.5 (15K, 22 GHz)

6.0 (15K, 22 Gi2)
0.2 (4K, 22 GHz)

Lincoln Lab 05-20 Micro-Stripine YBCO on LaGaO43 (0.8 um) < 0.003 (4.2K, 1.0 GHz)
YBCOon YSZ 0.39 (4.2K, 0.6 GHz)
NRL 18 TE Cu Cawvity TBCCO (buk) 3 (6K, 18 GH2)
Northeastern 8  Monoithic TE Cavity YBCO Qu ~ 105 (4.2K, 8 GHz)
96 TE Pb Cavity YBCO (bulk) 49 (42K 96 GH2)
LSCO (buk) 1..3 (42K, 9.6 GHz)
10 TE Nb Cavity YBCO (crystal) <0.4 (72K, 10 Gr2)
UCLA 102 TE CuCavity YBCOon SrTiO3 (a-axis) 300 (4.2K, 102 GH2)
102 YBCO on SrTiO3 (c-axis) 15 (4.2K, 102 GHz)
148 YBCO on LaGaOq (05 um) 100 (4 2K, 148 GHz)
148 T8CCO on MgO 200 (77K, 148 GH2)
Waestinghouse 10 NDb Stripine  YBCO on SrTiOA (0.5 um) 4 (4 2K, 10 GHz2)
(@-ax8)
Wisconsin 70-167 TE CuCawvity YBCO on SrTiOy ~10(4 2K 83GH2)
Wuppertal 3-87 T™M Nb Cavity YBCO (buk) 0.1(4 2K, 3 GHz2)
TE CuCavity YBCOon SrTiO3(068um) <8 (77K, 86 7 GH2)

YBCO on LaGaO3 (0 5 um)
YBCO on Ag (10-30 um)

18 (20K, 88 5 GH2)

18 (77K, 21 5 GH2)

<3 (42K, 21 5GH2)
Copper (4K)
Niobium (4K)

RsuQ)

< 359
3130
930
53

<04
<141

229
13

38

11
367

13.4

12.4
04

<3
1080

93

53
123
<4

29
145
46
91

40

~ 145

1M
<11
24
39
<65
1200
02



Many high-frequency electronic applications of HTS require only that Rg be lower 1nan Cu  For an
accelerating cavity, however, low Rg at high power ievels is required. In general, the field dependence of Rg for
bulk and film specimens is strong, the superconducting state does not exist above ~ 5§ Oe. In contrast, single
crystZ: results show that the superconducting state persists for surface fields up to 93 Oe at 20 K (5 95 GHz) ' This
value is, however, far inferior to the best value achieved in Nb (1600 Oe). These results suggest that weak-link
behavior may be responsible both for high Rg values and poor surface-field pertormance. These measurements
were done in cavities where the superconducting samples were in vacuum. Owing to the poor thermal
conductivity of HTS, it has been suggested that the breakdown of superconductivity, as observed in these
measurements, occurs because the heat being deposited in the sample cannot be readily dissipated.25

Alternatively, measurements of the field dependence of Ry on bulk YBapCu3O7 done in a ¢oaxial
resonator, where the sample was bathed in liquid cryogen, show that the suporconduc "« state does not break
down for fields as high as ~ 640 Oe (77 K and 190 MHz).25 The corresponding Rg value for this surtace magnetic
field is 5% of the normal vdiue. These resulls are encouraging and emphasize the importance of thermal
conductivity in any cavity design utikzing HTS.

5.0 FUTURE PERSPECTIVES

Tremendous progress has been made in reducing Rg of HTS materials. In the approximately two years
since the first Rg value of HTS was reportea (YBCO Sulk), 13 improved processing and fabrication techniques have
led to films of 1-inch diameter that are competitive with Nb at 4 K.17 Moreover, recent results on the power
dependence of Rg suggest that, in principle, surtace magnetic fields greater than 600 Oe can be attained Thus,
values of the two most important parameters that determine the suitability of HTS for cavity applications, Rg and Hg.
indeed suggest that no tundamental limitation exists which should discourage further deveiopmental work on
these materials. This does not imply that these are the only problems requiring solution before an HTS
accelerating cavity can be construcied. Othar considerations are film thickness (determined by London
penetration depth), thermal conductivity, substrate. subsirate backing material, fiim degradation with time, radiation
sensitivity, and lield emission. Nevertheless, recognizing tha! the current status of Nb cavities has evolved over a
period ~ 20 years, it is not unreasonable to expect that some rescarch and development time will be required to
make HTS cavities that are competitive with Nb.

Future improvements in HTS high-trsquency properties will likely come from improved processing
techniques. For example, in situ anneAled fiims, as opposed to post-deposition films, yield lower values of Rq 16
These improvements may result from better oxygenation, and/or slimination of non-reacted metais in the matenal
Certainly the lower annealing temperature (~ 500°C) of n situ processing will help to reduce the problem of

25 J R Delayen and C L Bohn, Phys Rev B, submittad



substrate interaction with the superconductor. which commonly occurs at elevated temperatures (for example.
~ 860°C encountered in post-deposition processing).

Finally, it 1s noteworthy that progress to date on high-frequency HTS matenals has evolved from
expenmental work with minimal guidance from theory 26.27  As a better theoretical picture emerges, however. it is
expected that new ideas will be infused into the expermental work leading to further improvements in high-
{reQuency properties.
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